Increasing use of composites In
Aircraft, Automotive and Civil Engineering
requires a better understanding of Iits

behaviour under static, cyclic and dynamic loading.




Ralf Cuntze: Retired engineer and hobby material modeller

Formerly: MAN-Technologie AG Ang=buwrg, Head of Man Department "Stroctural and Thermal-Analy=is”
Now: linked to Carbon Composites e V. (CCeV) Augsburg and THE -Schwaben, Bayern Innovativ

-1959 - 1964 Study of Civl Engineering at Hannover ((stress man’)

- 1968 Dr.-Ing i Stroctwal Dynamies

- 1978 Dr.-Ing habil in Mechames of Lighnweight Structures

- 1980 - 2003 Lectuwrer at "Umversitit der Bundeswehr’ Mimchen on fracture mechanics and Hghtwerght

structures from Fiber Reinforced Plastics (FEF)
Profesziong] career,
1968 - 1970 DLE (German asrospace center: finyte element analysis programmmg)
1970 - 2004 MAN-Technologie, Munich/Angsburg: invelved in the Development af -

- ARTANE 1-5 Launcher fanuly: Components of central stage + Boosters, ngh pressure vessels, ate.

- Windenergy rotors (Growian @103m, WEA 60, Aevoman). Since 1970 in Carbon Comp. business

- Satellite components, Space Antennas; FRP light weight structures, IRAM antenna, SOFIA  telescope (in
Boeing 747); Antomated Transfer Vehicles (ATV] Jules Verne) + Crew Rescue Vehicle CRV (for IS5) +
MNASA X38 Demonstrator space plane

- CMC bedy flap for Crew Fescus Vehicle (2002), Spacelab mission D1 (1985): material experniments,

- Apogee solid propellant motor cases MAGE and IRIS, water-tanks for ATRBUS

- Heat exchanger for gas cooled Solartower GAST(20 MW) and Solarfield constructions (Almera)

- Gasultra-Centrifuge, Fly wheels (for ship "Trans Swartow”, MAN-Buses), [hesel engine parts in metal and
in monolithic ceramies for tracks, Structural caleulations for MAN buses

- Fusion reactor WENDELSTEIN VII- toroedal nng chamber.

Material applications in the range: 20 K through 2000 K {FRP, CMC, metals, concrets).
Co-author and Convencr of vanous Handbooks and Working Groups

-IASB - German Aweraft Structural Handbook HSB: since 1972 author and co-author of a large number of
design sheets. Co-author of the HSB-Handbook's “transfer” team mto English

- VI 2014 Guidelme “Development of Fibre Reinforced Plastic Compon.™ (co-author, convenor), VDI-WG
4.3 "Rehability of Structural Components" (1980hes, WG member)

- ESA/ESTEC, since 1978: Structuwral Fequrements Standards, co-author n the 3 working zroups:
Struchral Analysis, High Pressure Vessels (metal and composites), Safety Factors; Contnbutor to
Handbooks: PSS and follower Struchoal Matenals Handbook SMH; Bucklng Handbook (first convenor,
contributor to several chapters); ECSS (European Cooperation for Space Standardization])

- was involved in EU projects (BRITE, BRITE-EURAM), and BMFT and BMBF research projects.

Miscellaneous

- Surveyorfadvisor (since 1980) for German Mmistry BMFT + BMBF on E&D Material Programmes
(MaTech, MatFo, LuFo, German Material Modellmg competence centres). Adwvisor to EU-project
MAAYTIMUS (Anbus Toulouse: On improving Aweraft sizing)

- Adwisor for German Research Foundation DFG (3FBs, SPPs on modelling structural fesctiles)

- Ongmator of the (pever fimded) successful Failure Mode Concept (FMC), a general invanant-based
foundation for the dermmation of failure mode-linked strength failure conditions for isotropic, transversaly-
isotropie (UDY), and orthotropic (fabrics) matenals applicable for FEP, CMC, metzals, concrete, ate.
Wmner of the Werld-Wide-Failure-Exercise-] on “UD composites strength faihuore theones™ (WWFE-L
bi-axial stress states). Mow, fop-ranked in WWFE-II on “UD, tm-amal stress states” considenmg
bydrostatic pressures = 700 MPa

- Numerous ‘smgle-author’ publications in different structural fields

- Founder (2010} and co-worker of the working group ‘Fatigue of Composites’ (only group, world-wide)

of all respective German umversibes. Founder and Leader of the Carbon Composites working groups

‘Enginesrmg’ (2009} and ‘Fiber-Reinforcement in Cral Engineering” (2011). Member of the world-wide

MAFEMS Composite Working Group



1964: Diplom Statiker

1968: Dr.-Ing. Strukturdynamik

1978: Dr.-Ing. habil. Mechanik des Leichtbaus

1968- 1970: friihere DLR Finite Element Analyse

1970-2004: MAN-Technologie (GUZ, Raumfahrt, Wind- und Sonnenenergie, ...)
1980-2002: Dozent an der Universitat der Bundeswehr

jetzt: Ingenieur, Unruhestandler + Simulant

Convenor of CCeV working groups : ‘(mechanical) Engineering and ‘Modelling Fiber Reinforcement in Civil Engineering’

Theoretical works in the areas:

Finite Element Analysis, Structural and Rotor dynamics,
Structural reliability and Development policy,

Strength failure modes and hypotheses (isotropic + composites),

Composites fatigue, Damaging mechanics and Fracture mechanics.



Which Design Verifications are mandatory in Structural Design ?

. : ds
Analysis of Design Loads, ﬁjar

Dimensioning Load Cases
Thermal ’l
analysis
Hygro-thermal mechanical Stress and Strain analysis

(input: average physical design data)

¢ I SRR
Damage tolerance, Stiffness, Strain, Strength Stability
crash, and fatigue life Deformation demonstration| |demonstration
: demonstration
demonstration

before initial failure
after initial failure \\ /
onset of cracks, \/
delamination growth
Structural Resistances must be demonstrated by
a positive Margin of Safety (MoS) or RF >1,

to proof Design Verification
for achieving Structural Integrity 4

TASK:



Verification Levels of the Structural Part i

Local Stress at a critical material ‘point’: continuumsmechanics, strength criteria

verification by a basic strength or a multi-axial failure stress state
Applied stresses are local stresses

Stress concentration at a notch (stress peak at a joint): notch mechanics

verification by a notch strength (usually Neuber-like, Nuismer, etc..)
Far“field stresses are acting and are not directly used in the notch strength analysis

Stress intensity (delamination = crack): fracture mechanics

verification by a fracture toughness (energy —related)
Applied stresses are farfield stresses.(far from the crack-tip)

gilt statisch wie zyklisch



CONSTRAINTS in Design Development Process : Cost and Time Reduction

Industry looks for robust & reliable analysis procedures
in order to replace the expensive ‘Make and Test Method*
as far as reasonable.

Virtual tests shall reduce the amount of physical tests.

In this context:
Structural Design Development
can be only effective and offer high fidelity
if
qualified analysis tools and necessary test data input are available

for Design Dimensioning and for Manufacturing as well.

a Strength Failure

, Conditio ;
for instance sych " (SFC) is

an Analysis Too/

The presentation plus further literature may be downloaded from http://www.carbon-
composites.eu/leistungsspektrum/fachinformationen/fachinformation-2
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6. Technik-Kolloquium Augsburg-Regensburg il
Regensburg, April 15, 2014; 75 min + 15 + 2?2 B

' Maschinenbaul|

Material Properties and Model Parameters, necessary for the
Analysis of Static, Cyclic, and Dynamic Stress States
- embedded in Structural Design Development

Short Presentation of CCeV + personal activities

Structural Development, Design Requirements, and Design Verifications
Dimensioning Load cases, Safety Concept and Design Factors of Safety
Modelling of Composites (elasticity, strength)

Material Strength Failure Conditions (SFC)

Application of SFCs to Some Materials

Lifetime Prediction

Material Properties

Model Parameters

Standardized Material Test Methods

10 Structural Testing, NDI, Damage Tolerance

11. Structural Verification, Reserve Factor

© 00N O WNRE

(matrix, fiber, interphase, composite)

Prof. Dr.-Ing. habil. Ralf Cuntze VDI
retired from MAN-Technologie, now linked to Carbon Composites e.V. (CCeV), Augsburg
7 presents results of a time-consuming ‘Hobby*



Carbon Composites eV (CCeV) =
Association of companies and research institutions,
covering the entire value chain of
high-performance fiber reinforced composites

In Germany, Austria and Switzerland (DACH).

Focus : Promotion of Carbon Fiber Technology

Serving as competence network :

» Support and linking collaboration between science, small and large
companies

Transfer of available know-how and existing competences
Organized as an association

Founded in 2007, based in Augsburg

Financed by membership fees

The leading Carbon Composites Network in the German-speaking world !
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Sectors

System companies

* Aerospace

Automotive engineering
Civil engineering
Medical technology
Energy technology

* etc.

Supplier companies

* Fibres, semi-finished products,
ancillary materials, coatings

* Assemblies, components

* Tooling machines, processing systems,
equipment, plants

» Software and services
(e.g. engineering, factory planning)

A

Bildnachweis: Airbus, ALIEN-Projektteam, KUKA



CCeV's activities

Technical working groups - fiber-reinforced plastics

~—/

[ ... Material

AG Materialien
AG Garne und Textilien

AG Thermoplaste

AG Biocomposites

AG Faserbewehrte Kunststoffe im Bauwesen

P
~—/

... Design & Characterisation

AG Engineering

UAG Composite Fatigue
AG Multi-Material-Design
AG Klebetechnik

AG Smart Structures

AG Werkstoff- und Bauteileprtfung

AG Werkstoffmod./Berechn. im Bauwesen

‘o
~—/

... Process

AG Herstellverfahren
AG Automatisierung
UAG Herstellprozess-Simulation
AG RTM Next Steps

AG Werkzeug- und Formenbau

‘o
~—/

... Finishing

AG Bearbeitung
UAG Absaugtechniken & SchutzmalRnahmen

AG Oberflachenbeh., Beschichtung, Lackierung
UAG Roadmap OBL

... Cross Section Issues

)
—

AG Kostenschatzung

AG Normung und Standardisierung
AG Roadmap CFK

AG Umweltaspekte

The Competence Network Carbon
Composites e.V. (CCeV



Why did we perform this in Bavaria, first ? Experience ? ..

Yes,

the Wolperdinger.
Famous Composite-Construction
of the High-Tec Country
Freistaat Bayern

12



Short Presentation of CCeV + personal activities

Structural Development, Design Requirements, and Design Verifications
Dimensioning Load cases, Safety Concept and Design Factors of Safety
Modelling of Composites (elasticity, strength)

Material Strength Failure Conditions (SFC)

Application of SFCs to Some Materials

Lifetime Prediction

Material Properties

Model Parameters

Standardized Material Test Methods Kollege

10 Structural Testing, NDI, Damage Tolerance

11. Structural Verification, Margin of Safety, Reserve Factor
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Development Phases and Associated Topics

critical (finafl

verification

Fhase DESIGHM Cesidn Anahlsis T est
1 concept conceptual SIZing
relirminar i Tael
2 design H i dimensioning design
developrnent shaltical design | development tests

4 1 gqualification accepted

experiment al
design verfication

A | production

cettification of product

Development: Process phases from defining requirements until product delivery

Designing: Iterative process in the development of the structural component
whereby various concepts are evolved and evaluated against a set of
specified design requirements and constraints from manufacturing etc.

Design Verification: Process, whereby a structural design is comprehensively examined and

gualification-tested to ensure that it will perform in the required way,
before and during operational use.




Some Definitions

Safety Concept
Concept that implements structural reliability (safety is a wrong term) in design

(design) Factor of Safety (FoS)
Factor by which design limit loads (DLL) are multiplied in order to account for
uncertainties of the verification methods, uncertainties in manufacturing
process and material properties

Failure Modes (material, structural and others)
Yield initiation, fracture, degradation, excessive wear, fibre fracture, inter fibre
fracture, delamination, instability, or any other phenomenon resulting in an
inability to sustain environmental ‘loadings’ (not only loads)

Service life of a Structural Component
Starts with the manufacture of the structure and continues through all

acceptance testing, handling, storage, transportation, operation, repair, re-
testing, re-use

15



What is a Material ?

= homogenized (smeared) model of the envisaged complex material which
might be a material combination

What is Failure?
If the structural part does not fulfil its functional requirements
(FF = fiber failure, IFF = inter-fiber-failure (matrix failure, leakage,
deformation limit, delamination size limit, ...)

What is Fatigue ?

= process, that degrades material properties

16



Cost Penalty by Mistakes during Design Development Process Phases

Compromise: Cost » Minimum, Quality & Maximum

ideas |customel

: architect efficiency, costs

load anaiysis, .
specifications 1 downward impaci

—

sequence of
development
tasks

efficiency
of avoidance
of e1101%

trade-offs,

technology, . .
- suppliel
properties, NDI 1 |

Kostenwirk-
samkeit von Fehlern:

design development with
dimensioning load cases,

desien, drafiing,

siructural analysis, draswings 1

10
x 10
x 10

costs
for remwoving
of erto1s

manufac e of
test models 1

structural testing
certification ]

author ity

series production

fime

17
Robust design helps to smooth out not-foreseen errors, to save cost & reduce troubles !



What does the stress engineer speak about ?

Material: homogenized macromechanical model of the envisaged solid
consisting of different constituents

Failure: structural part does not fulfil its functional requirements such as

onset of yielding, onset of brittle fracture, Fiber-Failure FF, Inter-Fiber-Failure
IFF, leakage, deformation limit, delamination size limit, frequency bound

= project-fixed Limit State with F = Limit State Function

Failure Criterion: F >=< 1, Failure Condition : F = 1= 100%
F = mathematical formulation of the failure surface (body)

Failure Theory: general tool to predict failure of a structural part,

captures (1) Failure Conditions, (2) Non-linear Stress-strain Curves of a material as
input, (3) Non-linear Coding for structural analysis

Strength Failure Condition (SFC) = subset of a strength failure theory

tool for the assessment of a
‘multi-axial failure stress state ‘ in a critical location of the material.

18



Industrial Requirements for Improved Designing of Composite Parts

Static loading:

Validated 3D strength failure conditions for isotropic (foam), transversely-
isotropic UD materials, and orthotropic materials (e.g. textiles) to
determine ‘Onset of fracture’ and ‘Final fracture’

«Standardisation of material test procedures, test specimens, test rigs, and
test data evaluation for the structural analysis input

«Consideration of manufacturing imperfections (tolerance width of
uncertain design variables) in order to achieve a production cost
minimum by ,Design to Imperfections” includes defects

Cyclic (dynamic) loading : fatigue

*Development of practical, physically-based lifetime-prediction methods
*Generation of S-N curve test data for the verification of prediction models
*Delamination growth models: for duroplastic and thermoplastic matrices
*Consideration of media, temperature, creeping, aging

*Provision of more damping because parts become more monolithic.

19



Short Presentation of CCeV + personal activities

© 0N O WNE

Structural Development, Design Requirements, and Design Verifications
Dimensioning Load cases, Boundary Conditions, Design Factors of Safety
Modelling of Composites (elasticity, strength) for iy
Material Strength Failure Conditions (SFC) a"'Zations
Application of SFCs to Some Materials Ome Xam

e L. L. Pleg
Lifetime Prediction
Material Properties
Model Parameters
Standardized Material Test Methods

10 Structural Testing, NDI, Damage Tolerance
11. Structural Verification, Margin of Safety, Reserve Factor



Consideration of Load Assumptions:

z.B.

* Prufvorschriften,

* Betriebs- und MiBbrauchslasten, Crash

* Fahrbetriebsmessung, Streckenmischung

* 1%-Fahrer, Lastkollektiv,

* Sicherheitsklasse des Bauteils,

* Unterschiede fir : Pkw, LKW, Anhanger mit
Kupplung, Dachlast, Motorrad

21



Load Analysis

Main task is:
Establishment of load events the structure is likely to experience (= load history)

Includes the estimation of all external + internal loadings of the structural component :
- thermal,

- mechanical (static, cyclic, and dynamic) and

- acoustical environment as well as of the

- corresponding lifetime requirements (duration, number of cycles)

Loadings are specified by GRO
a Technical Specification from the customer, or an authority or ung IAN 1974
a common standard (EN, DIN, Betonkalender, ...) M
Peaks
Result:

Set of Combinations of Loadings termed Load Cases,
including the design driving Dimensioning Load Cases

Involves a Worst case scenario wrt. combinations of loadings,

temperature and moisture, and undetected damage.



Dimensioning Load Cases

From the numerous Load Cases

the design driving Dimensioning Load Cases (DimLC) are to be sorted out:

» for ductile behaviour the : Yielding-related Load Cases,

» for brittle behaviour the : Ultimate-related Load Cases (for CFRP).

A minimum set of DimLCs is searched in order to:
- support fast engineering decisions in cases of ‘input’ changes

- avoid analysis and analysis data evaluation overkill and

- better understand structural behaviour (as hidden aspect).

Which LCis 3 DimLC can be often

firstly recogni
after the analysis of the conceptual gnized

design |

23
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Example for a Factors of Safety (FOS) Table

shows up higher risk

than usual
New Standard: prepared 10 years ago.
FOSY for i
e FOSU for | Desig
FOSY FOSU verlfjgstlon verification n FOSY /Fﬁj jproo J
Struct_ure Jpo.2 Juit analysis | Py analysis | Facto | j ., Jui f burst
type / sizing only’ only r
Cass external loadings incl. extern .
internal pressure
press.
Metallic
structures 1.1 /1.25 1.25 1.5 1.0 1.0
FRP structures
(uniform material) ? / 1.25 ) 1.5 1.0 1.0
FRP structures
(discontinuities) i / 1.25 i //5 1.2
Sandwich 1.25 1.5
struct.:
- Face wrinkling
- Intracell buckl. i 1.25 / 1.5
- Honeycomb
shear 1.25 1.5
Glass/Ceramic ]
structures i 2.5 i 5.0
. ECSS-E-30-10,
BUCkllng = l 1.5 - ? ( Spacecraft)

Term j,, does not so much fit to actual (relatively brittle) composites!




Note the Difference: Test Data Mapping and Design Verification

« Validation of SFCs with Failure Test Data by

mapping their course by an average Failure Curve (surface)

For each distinct Load Case with its single Failure Modes a RF must be computed:

 Delivery of a reliable Design Verification by

calculation of a Margin of Safety or a (load) Reserve Factor
MoS>0 oder RF=MoS+1 > 1

on basis of a statistically reduced failure curve (surface) .

26



Short Presentation of CCeV + personal activities

Structural Development, Design Requirements, and Design Verifications
Dimensioning Load cases, Safety Concept and Design Factors of Safety
Modelling of Composites (elasticity, strength)

Material Strength Failure Conditions (SFC)

Application of SFCs to Some Materials

Lifetime Prediction

Material Properties

Model Parameters

Standardized Material Test Methods

10 Structural Testing, NDI, Damage Tolerance

11. Structural Verification, Reserve Factor
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Features of Modeling laminated, high-performance Composites

* Lamina-based, sub-laminate-based (e.g. for non-crimp fabrics) or laminate-based !
* |s performed, if applicable, according to the distinct symmetry of envisaged material
* For the chosen material model, if material symmetry-based, the number of the
measured inherent Strengths and Elasticity Properties is the same as
the observed number of Failure Modes !! Test costs reduction
* Achievement of equivalent stresses for each failure mode to obtain information where

the lamina design screw must be turned !

Lesson-Learned: As far as the failure mode or failure mechanism remains,

Static Strength Criteria can be used for Cyclic Loading, too !

\ery essential !

28



Modeling: ‘Simple‘ UD material = Lamina (ply)

1 Lamina = Layer of a Laminate, e.g. UD-laminas = “Bricks”
- Homogenisation of a solid to a material brings benefits.

- Then knowledge from Material Symmetry applicable :
number of required material properties is minimal, test-costs too

UD-lamina, modeled a homogenised (‘'smeared’) material requires in

The Material Characterisation f (Temp, Moisture, time, etc.)

29



Assumptions for UD Modelling and Mapping of Failure Stress data

« The UD-lamina is macroscopically homogeneous.
It can be treated as a homogenized (‘smeared’) material

Homogenisation of a solid to a material brings benefits.

Then Knowledge of Material Symmetry applicable : number of

required material properties are minimal, test-costs too

1 Lamina (ply) = Layer of a Laminate, e.g. UD-laminas = “Bricks"”

- The UD-lamina is transversely-isotropic:
On planes, parallel to the fiber direction it behaves
orthotropic and on planes transverse to fiber direction isotropic
(quasi-isotropic plane)

« Mapping: Uniform stress states are about the critical stress location !

30



Plenty combinations of different Constituents of polymeric Composites

Aramide Production Processes

_ Carbon /
filament

Glass.
Endless fibers/
Long fibers Interphase matrix

Thermosets

Short fibers. \
Thermoplastics

Elastomers.

All these combinations

* need a different treatment and
» afford an associated understanding of its internal material behaviour.

.. and - comi ' '
Ng up more and more — an InCreasing variety of 2D- and 3D-fabrics

31



Coming up: The Textile Challenge to achieve Certification

UD is much simpler !

ARERARARALAARARAAAGAN
HHELEERIEEE R 8,

S r——

non{xhnpfabﬂcsfnnnlJDJanﬂnasfdf'
high-performance applications

32



Short Presentation of CCeV + personal activities

1. Structural Development, Design Requirements, and Design Verifications

2. Dimensioning Load cases, Safety Concept and Design Factors of Safety

3. Modelling of Composites (elasticity, strength)

4. Material Strength Failure Conditions (SFC)

5. Application of SFCs to Some Materials

6. Lifetime Prediction

7. Material Properties

8. Model Parameters

9. Standardized Material Test Methods Structural Testing, NDI, Damage
Tolerance

10. Structural Verification, Margin of Safety, Reserve Factor



Conseqguence for the poor Designer: To ask

Is there any Strength Failure Condition (“criterion®)
he can apply with high fidelity?

Not a¢ all

34



Some well-known Developers which formulated
Isotropic 3D Strength Failure Conditions (SFCs)

-
Richard von Mises Eugenio Beltrami Otto Mohr Charles de Coulomb
1883-1953 1835-1900 1835-1918 1736-1806
Mathematician ~ Mathematician Civil Engineer Physician
‘Onset of Yielding® ‘Onset of Cracking’



State of the Art: Static Strength Analysis of UD laminas
IS represented best by the results of the World-Wide-Failure-Exercises

Organizer : QinetiQ , UK (Hinton, Kaddour, Soden, Smith, Shuguang Li)
Aim: ‘Testing Predictive Failure Theories for
Fiber—Reinforced Polymer Composites to the full [

(was for the transversely-isotropic UD materials , only)

Method of the World-Wide-Failure-Exercises (since 1991):

Part A of a WWFE: Blind Predictions on basic strength data

Part B of a WWFE: Comparison Theory-Test with (reliable)
Uni-axial ‘Failure Stress Test Data‘ (= basic strength) and
Multi-axial Failure Stress Test Data‘

(plain test specimens, no notch)

36



Global and Modal Strength Failure Conditions General View

1 Global strength failure condition . F({0},{R}) =1 (usual formulation)

Set of Modal strength failure conditions: F ({0}, R™d) =1 (addressed in FMC)

Mises, Puck, Cuntze

D vector of 6 stresses (general) vector of 5 strengths
t t T
{G}: (01,042,035, T Tay, Z'21)T {R}: (R|| , Rﬂc’ R.,RI, R¢||)

needs an Interaction of Failure Modes:

Exakyple: U

{ }quasi—isotropic plane

— p p p P\T
principal - (O-l 105,03, 0’ T31; T21)

37



Facts of so-called Modal SFCs

Modal SFCs (multi-suface domains)

38

Describe one single failure mode in one single mathematical formulation (= one
part of the failure surface)
* determine all mode model parameters in the respective failure mode

domain * capture a twofold acting failure mode separately, such as o, = o/,

(isotropic) or 0, = 03 (transversely-isotropic UD material), mode-wise by the well-known
Ansatz f (J2, J3)
Re-calculation of the model parameters and of RF just in that failure mode

domain where test data must be replaced.



Mapping in the ‘Tsai-Wu non-feasible domain‘ (quadrant Ill)

7
maodal 2 ¢ 50
FMC = = -
,--"""'_-FFFF.—_H‘ op (01 = 01)
-
Tsai-Wu $2 1
gluhal\ 7
. = - — -50
+
\ |]-|'Ij.|’$i-l:ﬂ|||j.|’ = -100
11 non-feasible domain A IEE2
_—d_'___,_._—‘_"'_'-.-#-’-
=150
=2500 =000 =1500 =1000 =500 MPa 0

Data: courtesy IKV Aachen, Knops

Lesson Learnt: The modal FMC maps correctly, the global Tsai-Wu
formulation predicts in quadrant Il a non-feasible domain ! 39



Test-observed Strength Failure Modes of Brittle behaving Isotropic Materials

Normal Fracture (NF)  Shear Fracture Mode (SF)  Crushing Fracture (CrF):

- no material element

_ shape change of - volumetric element change before
change before fracture material element fracture helpful knowledge for the
later choice of invariants
) if brittle: failure = fracture failure C -

dense consistency

W 4

porous consistency

\ ¢
Rt = f - \"-._ R = fC
N i
fp A \ = decomposition
: of texture
\/ On
Tnt
Fy ‘I‘ W

mmm \ 7 B = hill of fragments (crumbs)
t = tension Gf \\ efplz 54':. as result of compression tests
C = compression \
R = strength, resistance

fracture plane angle = measure for friction value
F = Fracture

40
Observed:» Each single Failure Mode is governed by one single strength, only !



RC
Example SF : m

Shear Fracture plane
under compression

(Mohr-Coulomb, acting at a
rock material column,

at Baalbek, Libanon)




Test-observed Strength Failure Modes of Brittle behaving UD-Materials

t = tensi
1 XST - /61 XST - Rc” O c= ((:ecr)]rsr:g:ession
il 77
oooogog J_ FF2 klnklng
R' (o8 X I L » 5 Fracture modes exist
0060 ool S382 X
22887 (NP f ? = 2 FF (Fibre Failure)
% ! X ' + 3 IFF (Inter Fibre Failure)
Xs| L+
// / *
O.
- 3 L Fracture Types
. |IFF3 g

Sooo0

QOO oo000

QOO oo000
OO o00
Qo000 o0
QQ0oQO00

Xo (macroscale-associated):
NF := Normal Fracture SF

= Shear Fracture

Sooooood
SO0 Co000
OO0 00
QOO0 o000
Sooooodo

o

OODoDo00
joReXoloRelogole]
QoOoDOo0

3%
0OLoD000

Friction occurs in
IFF2 and IFF3 !

embedded UD lamina

wedge failure type 42



= FF2 compressive fibre
fracture = kinking - = — =

TR,

h 3 n' #" 5 .‘-
S é“'f" '«1' H

“”" flbre'parallel compresswe Ioadmg :

Np-—t—---— ——— s — oo g

—

Fractography pictures as proofs

N FF1 tensile
fibre fracture 43



Cuntzes 3D Modal Strength Failure Cond. (criteria) for Isotropic Foams

Approaches: \/432—'12’3“1:1 \/4‘]2_I12/3_|1:1

2-R, 2R,
Considering bi-axial strength (failure mode occurs twice): in Effs now
\/4J2_|12'(®NF)/3+|1=G NF/ﬁ \/4‘]2_|12'(®Cr|:)/3_|1_

— ., Eff°F =coe — =o, IR
2'Rt _£q__ t CrF ZRC eq c

Eff " =c, -

The two-fold failure danger can be excellently modelled by using the often used invariant J3in:

Opnr =31+ Dy -sin(36) =’°\’/1+ Dy -1.5-4/3-3,-3,° Ocrr =31+ Deye -5iN(36) =%/1+ Derr -15:4/3-35-3,7™°
Mode interaction:  Eff NF =[(Eff F)™ + (Eff ©F)™ ™

The failure surface is closed at both the ends: A simple cone serves as closing cap and bottom

: I \2J,-0O r min |

b (22 Oy maxly Rt-normalized Lode- 1 g (Vo2 Tary, MG,
e ( )+ i \/é \/§

V3-R, R v3-R, Coordinates R R R

The slope parameters s are determined connecting the respective hydrostatic strength point with the
associated point on the shear meridian, maxl1 must be assessed whereas minl1 could be measured.

Eff = material stressing effort = Werkstoff-Anstrengung (must be < 1 =100%) a



Cuntzes 3D Modal SFCs (criteria) for Transversely-lsotropic UD-materials

Invariants replaced by their stress formulations

IFF2 Eff = [(1#lL )-(0,+0;) + 1 \/(52 63) "‘4723 | /RJ. _+G”/RC

—H —H

. 2 2
with 1,35 =20, 75 +20; 75 + 47,3757,

modes

2 N JE—
IFF3  Eff ! :{[/ﬂn g+ (\/,Ulu ‘ |23—52 +4- R¢||2 '(73?1 "'7221)2 112 R¢|| )}0'5 L" / R¢||

FF1 lo - =t o 5t strains from FEA [CunO04,
Bf T = Gl/al = O« /Ru ! o, = & - E, * fil Cunli]
Eﬁ: |z — /ﬁc _ ||T/ ﬁc -~ c E 2 filament
FF2 EE TOeq ! TNy 01 = &k modes
IFF1  Eff 7 = [(0-2+03) + \/((72 —03)2+47232]/2§t = Geanlﬁi |
----- 3 matrix

Modes-Interaction :
Eff " = (Eff "T)m+ (Eff ||")m + (Eff L“)"‘ + (Eff “)m + (Eff lII)m =

r a7
with mode-interaction exponent 25< m < 3 from mapping tests data Xy H +3 -

Typical friction value data range: 0.05< <03, 0.05<u,, <02

Poisson effect = : bi-axial compression strains the filament without any o, o
t:=tensile, c: = compression, || : = parallel to fibre, | :=transversal to fibre X gl T T, =THA>




Interaction of Single Strength Failure Modes in the modal FMC

Interaction of adjacent Failure Modes by a series failure system model

= ‘Accumulation’ of interacting failure danger portions Eff ™

Eff = g(ER™ ) B0+ L = 1 = 100%, if failure

with mode-interaction exponent 2.5 <m < 3 from mapping experience

as modal material stressing effort * (in German Werkstoffanstrengung)

and & _
Eff mode _ Gg;ode / R mode
an

mode associated average strength €xample >

equivalent mode stress

* artificial technical term created together with QinetiQ in the World-Wide-Failure-Exercise



2D-Demonstration: Interaction of UD Failure Modes for 7,(0,) , 6,=0

$ T
] i Mapping of course of IFF test data in
, #_ IFF3 e a pure mode domain by the associated
g3 L= . .
Ho o+ H & IFF1 Mode Failure Condition.
£+ e BT
4 T T 3 IFF pure modes = straight lines !.
-bih__i' LE H-_"‘“‘-m. |:r||1'
s - —= FF1: 22-1
i Ton t
2 G "Pi F'l' ~ 0,
AT 1P| '_2 I:rj- “:FZ —. :l
ﬁi - ﬁi l"3’|| N
o ‘2-21‘
+ 4+ . IFF 3 — =1
fh‘%bx (2D-simplified) :  Ruj = Huj 02
+ T
+ o 5
/ Eff < 100% =1 e I Mapping of course of test data by
o F .
[ Interaction Model
02 (Eff L)+ (Eff )"+ (Eff )" =1

-250  -200  -150 -1o0 -50 0 50 100

m=25, 4, =03 4



Visualization of 2D-UD-SFCs as Fracture Failure Surface (Body)

cross-section

fracture surface FF1 LLL
FF ‘'ends’ not fully rounded 7(0,) +

Mode interaction fracture failure surface of FRP UD lamina
Eff " = (Eff )"+ (Eff )™+ (Eff )"+ (Eff )"+ (Eff H)"=1

(courtesy W. Becker) .
Mapping: Average strengths indicated
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2D = 3D Fracture surface if replacing stresses by equivalent stresses

fracture surface IFF \ 'FF

49



Short Presentation of CCeV + personal activities

Structural Development, Design Requirements, and Design Verifications
Dimensioning Load cases, Safety Concept and Design Factors of Safety
Modelling of Composites (elasticity, strength)

Material Strength Failure Conditions (SFC)

Application of SFCs to Some Materials

Lifetime Prediction

Material Properties

Model Parameters

Standardized Material Test Methods

10 Structural Testing, NDI, Damage Tolerance

11. Structural Verification, Margin of Safety, Reserve Factor

© 0N ORWNE



Specifica for the UD-lamina-based High Performance Laminates

Specific Pre-requisites for the establishment of 3D-UD-SFCs:

« simply formulated from engineering point of view, numerically robust,

physically-based, and therefore need only few information for pre-dimensioning

« shall allow for a simple determination of the design driving reserve factor

« shall capture failure of the constituents matrix (cohesive), interphase (adhesive), filament
» consider residual stresses Compliant with jonp Hart-Smith

« consider micro-mechanical stress concentration of the matrix around the filaments under

transversal stress (a means: using matrices showing > 6% fracture strain which heps to capture a stress
concentration factor of about 6 up to 1% applied transversal strain

« consider FF, if taking place under bi-axial compression with no external axial stress
{o}=(6,=0, o,, 6,,0,0,0)



Example: Assumptions for UD Modelling and Mapping

« The UD-lamina is macroscopically homogeneous. It can be
treated as a homogenized (‘'smeared’) material Homogenisation

of a solid to a material brings benefits.

Then Knowledge of Material Symmetry applicable : number of required

material properties are minimal, test-costs too

1 Lamina (ply) = Layer of a Laminate, e.g. UD-laminas = “Bricks"”

- The UD-lamina is transversely-isotropic: On
planes, parallel to the fiber direction it behaves orthotropic and on planes
transverse to fiber direction isotropic (quasi-isotropic plane)

« Mapping creates fidelity, only, if: uniform
stress states are about the critical stress location in the material ! Is very seldom the

case.
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Motivation for my non-funded Investigations

Existing Links in the Mechanical Behaviour show up: Different structural materials
- can possess similar material behaviour — or o
- can belong to the same class of material symmetry > similarity aspect

Welcomed Consequence:
- The same strength failure function F can be used for different materials
- More information is available for pre-dimensioning + modelling

from experimental results of a similarly behaving material.

Background: Author ‘s experience with structural material applications, range 4 K - 2000 K 53




Basic Features of the author‘s Failure-Mode-Concept (FMC)

e Each failure mode represents 1 independent failure mechanism

and thereby 1 piece of the complete failure surface

e Each failure mechanism is governed by 1 basic strength (is observed !)

e Each failure mode can be represented by 1 failure condition. Therefore,

equivalent stresses can be computed for each mode !

¢ |In consequence, this separation requires :

An interaction of the Modal Failure Modes !



Failure-Mode-Concept (FMC) Postulate ( : UD material)

Remember:
«  Each single observed fracture failure modes is linked to one strength
- Symmetry of a material showed : Number of strengths = R/ ,RF,R, R} ,R{

number of elasticity properties! Ejs EL Gy vy Vi

Due to the facts above Cuntze postulates in his FMC

» Number of failure modes = number of strengths, too !
e.g.. Isotropic =2 orabove transversely-isotropic (UD) =5

55
t:= tensile, c: = compression, || : = parallel to fibre, :=transversal to fibre



Introduction to Strength Failure Conditions (SFCs)
Fundamentals when generating SFCs (criteria)

Global SFCs versus Modal SFCs

Requirements

Short Derivation of the Failure-Mode-Concept (FMC)
FMC-model applied to an Isotropic Foam (Rohacell 71 G)
FMC-model applied to a transversely-isotropic UD-CFRP
Conclusions

~NOo Ok WD



2D - Test Data Set and Mapping in the Principal Stress Plane Rohacell 71 IG

Principal Stress Plane Cross-section of the Fracture Body (oblique cut) 2 similarly behaving

material
pure modes 4 G
25 I | I | 4G _ _
normal fracture ' after interaction
2 mode ] 2
_—l-l"-'-'-_ [~ St
5 H""“n.! & ( e il Y B N
1 1\ t Y
i i \
(o)) G
W +] 3 1 -0 QP 05 | 1.5 L A5 > + >
15 2 F1s5 4t - . sle 4 2 HMs Q1 - )
" 2 Fs U s poas |ofsf
i _,fl_ i, _f_
1 : | 1 :
b N Y N
- =+ . - S —
| T . T -
crushing fracture T + N +
o 2
mode -

« Mapping must be performed in the 2D-plane because fracture data set is given there
« The 2D-mapping uses the 2D-subsolution of the 3D-strength failure conditions
« The 3D-fracture failure surface (body) is based on the 2D-derived model parameters.

57
Courtesy: LBF-Darmstadt, Dr. Kolupaev



Fracture Failure Surface of Rohacell 71 IG The dent turns !
3 | | . - : —

1 1
bi-axial strength points X

___L.-"
/Lshear e
-~

L shear meridian (COS origin) /
g=0

The 3D-strength failure condition enables to predict the 120°-
symmetric failure body and to judge a 3D- stress state

visualization of the
Lode-Haigh-
Westergaard coordinates




Rohacell 71 1G

2D Test Data and Mapping in the Octahedral Stress Plane
Hoop Cross-sections of the Fracture Body as Simi,:"a'x,?;ha"i"g

L
{3 Rz

/
Rt /

o i Wnsile meridian

compressive
meridian

.'-\‘lhear m|eri(lian
= origin of chosen
hoop coordinate system

Caps: No test data,

e .
- 7] XIS
el Rt'\ cone was chosen.
\
t
Lode-angle, here set as sin(3 0) :

shear meridian angle = 0°
tensile meridian +30° +
compressive meridian -30°

+

I1 =0, is interaction domain: Is about a circle.



GFRP, CFRP examples, mapped by FMC-based UD SCF, 2D stress state
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Test Case 5, WWFE-II, UD test specimen, 3D stress state o,(o, =0;)

= hydrostatic pressure with additional loading

UD E-glass/MY 750epoxy.

v, =028 u, =014, m=28,

{R}=(1280, 800, 40, 132, 73)" MPa

Good Mapping, after QinetiQ
re-evaluation of the lower
branch test data Then, the
upper branch was fitting other
test data, too !

Result; Both branches were
then reliable and could be used
for model validation

_1'

. 40
—RE 2
1 L0l

_<|:":| - = = {33
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Short Presentation of CCeV + personal activities

Structural Development, Design Requirements, and Design Verifications
Dimensioning Load cases, Safety Concept and Design Factors of Safety
Modelling of Composites (elasticity, strength)

Material Strength Failure Conditions (SFC)

Application of SFCs to Some Materials

Lifetime Prediction

Material Properties

Model Parameters

Standardized Material Test Methods Kollege

10 Structural Testing, NDI, Damage Tolerance

11. Structural Verification, Margin of Safety, Reserve Factor
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What is Fatigue ? = process, that degrades material properties

What is Damaging? not damage, as used in English literature
Process wherein the results, the damaging portions, finally accumulate to a
damage size such as a macro-scopic delamination.
The means is usually Miner's Damaging Accumulation model

What is Damage?
If above damage size is judged to be critical, then Damage Tolerance
Analysis is used to predict its growth under further cyclic loading.
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State-of-the-Art in Cyclic Strength Analysis of UD Laminas (plies), Laminates

» Procedures base on specific laminates and therefore cannot be generally applied.
Hence, no generally applicable Lifetime Prediction Method is available !

* Procedures base — as with metals — on stress amplitudes and mean stress correction. Is
this correct? Can one neglect that the damaging portions are linked to the  various
fracture failure modes in the case of brittle behaving materials?

* Present: Engineering Approach: Static Design Limit Strain of <0.3%,
negligible matrix-microcracking.
Design experience proved: No fatigue danger is given for multi-angle laminates

 Future : Design Limit Strain shall be increased for better material exploitation
(EU-project: MAAXIMUS)
Above &=0.5% level: first filament breaks , diffuse matrix-microcracking occurs
in usually fiber-dominated laminates, used in high-stress applications.

To tackje this, mye

e . h efi
Puton thjg ;, futupe I'DOrt must
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Was sind die bendtigten zyklischen Eigenschaften?

« Wohlerkurven R =CONSt =& ner” T ober
« Schadigungsakkumulationshypothese

« Quantifizierte Schadigungs‘portionen’ (-inkremente)

Dazu Anwendbarkeit der statischen Festigkeitshypothesen, wenn die
Statischen Festigkeitswerte durch
Restfestigkeitswerte fur eine bestimmte Lebensdauer

ersetzt werden.

Statische Anstrengungssumme Eff (material stressing effort)
wird durch
Zyklische Schadigungssumme D

ersetzt !
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State of the Art in Cyclic Strength Analysis of UD Laminas (plies)

* No Lifetime Prediction Method available, applicable to any Laminate
 Procedures base — as with metals — on stress amplitudes and mean stress correction
» Procedures base on specific laminates and therefore cannot be generally applied

 Present: Engineering Approach:
Static Design Limit Strain of < 0.3% , negligible matrix-microcracking.
Design experience proved: No fatigue danger given

e Future : Design Limit Strain shall be increased (EU-project: MAAXIMUS)
We must react!
Above &=0.5% first filament breaks, diffuse matrix-microcracking occurs
in usually fiber-dominated laminates used in high-stress applications .
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Questions an engineer poses in the case of cyclic design

R o

When does damaging start?

How can one consider the single (micro-)damaging portion?

How are the single damaging portions accumulated?

When do the accumulated damageing portions form a damage?

When becomes such a damage (delamination, impact) critical?

How is the damage growth in the 3rd or final phase of fatigue life (fixation

of part replacement time, inspection intervals)?

67



Personal Activities

1 Foundation of the German Academic Research Group (BeNa)
“Betriebsfestigkeits-Nachweis*
for High-Performance Structures (2010)

* physically-based (on failure modes),
* ply-oriented in order to obtain a generalisation for any
UD lamina-composed laminate

objecl'iye.

€legse of:;

VD/‘GU/b'e//he

2 Foundation of sub-group of my CCeV-working group ‘Engineering*
“Composite Fatigue®
together with the CCeV member company CADCON (2012).
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FMC-based UD Strength Failure Conditions
Damaging drivers

* Ductile material behaviour (e.g. many metals):

* Slip band shear yielding - as damaging driver - occurs
under cyclic tensile stress, compressive stress, and under shear stress !

* Therefore, this single mechanism
shear stress—caused yielding can be principally described by
one yield failure condition to determine the needed damaging portions !

(Formulation is in normal stresses, but the shear stress is the damaging driver).

* Increasing with brittleness, lifetime estimation is corrected by accounting
for the ‘Mean stress effect’ 0,,04n
(considers by Goodman Diagram that more mechanisms really act).

fatigue
Brittle material behaviour:

* Many mechanisms, causing damaging, must be considered tODICS

Question is whether a correction by the ‘Mean stress effect’ makes sense.
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Applicability of Static Strength Failure Conditions?

Proven Assumption:
If the damaging mechanisms (failure modes) are equal, then
- failure parameters that drive cyclic damaging are equal, too, and
- transferability from static failure to cyclic failure is permitted

However, static strength must be replaced by the
fatigue strength = residual strength of the
shrinking failure body.

Therefore,
as necessary static tool, my
FMC-based Static Failure Conditions (criteria) shall be briefly derived which
were very successful in the World-Wide-Failure-Exercise (WWFE 1992-2014).

From all the contributors, my non-funded Failure Conditions
well mapped the largest number of test data courses in WWFE-I and WWFE-II !
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Schritte bei der Lebensdauerabschatzung

1 Input
Betriebsbelastungen: Last-Zeit-Kurven (Modellierung mit rain flow, ..)
Sicherheitskonzept: Design to Life j . =3 -4

2 Ubertragung der Betriebsbelastungen in Beanspruchungen (Spannungen)
mittels Strukturanalyse)

3 Bereiche der ErmiUdungsanalyse

LCF:. high stressing,
HCF: intermediate stressing
VHCF: low stressing and strains (SPP1466)

4 Erfassung der Betriebsbelastung
Zeitbereich: Zyklus-fur-Zyklus oder Kollektiv-fir-Kollektiv (weniger Rechenaufwand)
Frequenzbereich: Lastspektren (Verlust der Last-Reihenfolge) oder Blockbelastungen, etc.
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Because semi-brittle, brittle behaving materials experience
several failure modes or mechanisms.

Consequence:
More than one strength failure condition (criterion) must be employed

\ ... and for the UD-composed brittle behaving laminates
with 5 failure modes
5 FMC strength failure conditions are considered !

Stress (not strain) criteria are applied to determine the subsequent damaging portions:

* capture the combined effect of lamina stresses and

e consider residual stresses from manufacturing cooling down (essential for HCF)

- Determination of damaging portions (from diffuse and later discrete damaging)

- Accumulation of damaging portions (cycle-wise, block-wise, or otherwise ? )
72



Experience with to-date Composites from fiber-reinforced plastics

- behave brittle
- experience early fatigue damage

- show benign fatigue failure behaviour in case of ‘well-designed’,
fiber-dominated laminates until final ‘Sudden Death’.

( fiber-dominated:= 0° plies in all significant loading directions, > 3 angles )
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Schadigungstreiber bei sproden zyklisch beanspruchten Composites)

Annahmen: Falls Versagensmechanismen(-modi) gleich?
- Dann auch die schadigungstreibenden Versagensparameter gleich.

- Ubertragbarkeit statisches Versagen auf Ermiidung mdglich,

Dabei schadigen ebene (2D) und raumliche (3D) Spannungszustande

MelRbare Schadigungsgrolden:
Mikroril3dichte, Restfestigkeit, Reststeifigkeit
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Schadigungstreiber bei Werkstoffen

 Duktiles Werkstoffverhalten (Beispiel: isotrope Metalle)
1 Mechanismus = “Schubspannungsgleiten*

passiert unter allen zyklischen Beanspruchungen:

Zugspannungen, Druckspannungen, Schub- und Torsionsspannungen !
Deswegen kann dieser einzige Mechanismus ‘Schubspannungsbasiertes Gleiten’
mit einer einzigen FlieRBbedingung beschrieben werden!

« Sprodes Werkstoffverhalten bei isotropen Werkstoffen
2 Schadigung erzeugende Mechanismen wirken

(ingenieurmaldige Bertcksichtigung durch sog. Mittelspannungskorrektur)

« Sprodes Werkstoffverhalten bei UD- Werkstoffen
5 Schadigung erzeugende Mechanismen wirken

(Ansatze mit und ohne Mittelspannungskorrektur)
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Example: Fatigue of endless fiber-reinforced UD Laminates
Damaging drivers

* Ductile material behaviour (e.g. many metals):

* Slip band shear yielding - as damaging driver - occurs
under cyclic tensile stress, compressive stress, and under shear stress !

* Therefore, this single mechanism
shear stress—caused yielding can be principally described by
one yield failure condition to determine the needed damaging portions !

(Formulation is in normal stresses, but the shear stress is the damaging driver).

* Increasing with brittleness, lifetime estimation is corrected by accounting
for the ‘Mean stress effect’ 0,,04n
(considers by Goodman Diagram that more mechanisms really act).

fati
Brittle material behaviour: Ni

* Many mechanisms, causing damaging, must be considered tOpiCS

Question is whether a correction by the ‘Mean stress effect’ makes sense.
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Because semi-brittle, brittle behaving materials experience
several failure modes or mechanisms.
Consequence:

More than one strength failure condition (criterion) must be

employed
~a

... and for the UD-composed brittle behaving laminates
with 5 failure modes
5 FMC strength failure conditions are considered !

Stress (not strain) criteria are applied to determine the subsequent damaging portions:

* capture the combined effect of lamina stresses and

e consider residual stresses from manufacturing cooling down (essential for HCF)

- Determination of damaging portions (from diffuse and later discrete damaging)
- Accumulation of damaging portions (cycle-wise, block-wise, or otherwise ?)



Static and cyclic development of damaging, S-N-curve

maxoTw&_
MPa
Eff = _
R
100% ) J 144l
U 5o
o D =100%
[
<
®
(@]
T
2
|
- R BRI S SR REE
5 «— & 1 10 100 {.10° { 10* {-10°  10°
Static Cyclic

R,,, basic strength

For brittle behaving materials it is advantageous to use maxo

residual strength o(R,N)

Analogous limits of the material capacities :
- Static : material stressing effort Eff = 100 %
- Cyclic : material damagingsum D = 100 %

Y

{10’

 10°
n- N %
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Failure mode-linked Master S-N-curves

For lifetime estimation usually — even in a dictinct failure mode — several S-N-curves

are needed
testing requires high effort!

Idea
Measurement of just one failure mode linked Master S-N-curve

- for a fixed stress ratio R
- prediction of additionally necessary S-N-curves on basis of the
master curve and on the ‘principle of equivalent strain energy’!

Then, for the often used
all possible load orientations capturing fiber-dominatedly designed, multidirectional
laminates, composed of UD plies,
an engineering-like model is derivable.

e

S :=cyclic stress range Ao , N := number of cycles to failure, stress ratio R := mino/maxo
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Application of Miner-‘Rule’

Mode-wise Accumulation of Damaging Portions (novel)

80

FF1 FF2
Simple Example: again
i NE | SE P P g
ANNA R=-1
I VARV
R=0.1 R=10

D (FFLFF2)=NF:(n,/N,+n,/N,+n,/N;)+SF :(n,/N,)
+ D (IFFLIFF2,IFF3) = D< D

feasible
from test experience

Calulation, see [Cun13b]



Short Presentation of CCeV + personal activities

Structural Development, Design Requirements, and Design Verifications
Dimensioning Load cases, Safety Concept and Design Factors of Safety
Modelling of Composites (elasticity, strength)

Material Strength Failure Conditions (SFC)

Application of SFCs to Some Materials

Lifetime Prediction

Material Properties

Model Parameters

Standardized Material Test Methods Kollege

10 Structural Testing, NDI, Damage Tolerance

11. Structural Verification, Margin of Safety, Reserve Factor
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Characterisation of Composite Material and Components

MIL Hdbk 17 Material Structure
Composites
Structur_al Screen | Qualifi- | Accep structurgl
complexity : : substantia
ing | cation tance )
level tion
constituent X
lamina X X X
laminate X X X
structural X X X X
element
structural X
compon.

Modelling & Discretizing
determines type
of test specimen

NON-GENERIC SPECIMENS

GENER!IC SPECIMENS

The pyramid of tests MIL-HDBK-17-1E

[ COMPONENTS |

s
———r

v
e . ;
’ \ [~
=7 AT TT X T T e 0
[SUB-COMPONENTS c
': f‘;j.“L g‘ \-_-'\\ ' l s
T——y .g
<
=
a
A S Y. R Y

\

[COUPONS]

’
!
4
'

\

composite test specimens
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FE-Programme: Konstrukteure haben Schwierigkeiten beim Einsetzen
der richtigen Werkstoffkennwerte !!

Gottfried Wilhelm Leibniz (about 1800)

A general system
of signs and symbols is of
high importance for
a logically consistent universal language
for scientific use!
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Self-explaining Notations for Strength Properties (homogenised material)

Fracture Strength Properties required by
loading tension compression shear material
direction or symmetry

plane
9 or%ﬁgf:;l)ic RE|L R | RC| RO R | RE| R, | Ryg | Ry comments
= - _pt
UD,- non Rt Rt Rt Rc Rc Rc R R R RLL—RL/\/E
5 crimp | 1 L | L L |1 11 [ (compare Puck’s
fabrics NF | NF | NF | SF | SF | SF | SF | NF | SF modelling)
6| fabrics Ry | R: R; | Ry | R¢ RY | Rue | Res | Rua Warp = Fill
fabrics ¢ ¢ c :
9 general Ry | R: R: | Ry | RE | Ry | Rye | Res | Rys Warp # Fill
R, R, R, deformation-imited | R? R R ductile, dense
, - t - SE SE SE erormation-limite M M M R|\T/| _ Rm /\/E
Isotropic R. R. R. RS RS RS RS RC RS brittle, dense
NF | NF | NF | SF| sF | sF | NF| NF | NF Ry =Ry /42

NOTE: *As a consequence to isotropic materials (European standardisation) the letter R has to be used for strength. US notations for UD
material with letters X (direction 1) and Y (direction 2) confuse with the structure axes’ descriptions X and Y . *Effect of curing-based
residual stresses and environment dependent on hygro-thermal stresses. *Effect of the difference of stress-strain curves of e.g. the usually
isolated UD test specimen and the embedded (redundancy ) UD laminae. Rm .= ‘resistance maximale’ (French) = tensile fracture strength
(superscript t here usually skipped), R:= basic strength. Composites are most often brittle and dense, not porous! SF = shear fracture



Elasticity Properties (homogenised material) (self-explaining denotations)

Elasticity Properties

direction or

considers VDI
2014,

proposed to

for comparison

ESA-Hdbk
plane
eneral
9 or%hotropic E, E, E, Gy, | Gy Gy; Vio V3 Vi3 comments
UD, = non- G, iEl /(ZE"'Z}/LE)
59 crimp By | EL | BEL [ G [ Gy | G | Yk | vy | Vi V;{'J'a; :;”:tmp; ) 3”
fabrics plane
6] fabrics Ew | Ef | Es | Gy | Gws | Cws | Ve | Yws | Vs Warp = Fill
fabrics :
9 general Exl Ex [ Es Gy | Gus 0 Gra | Vawe | VEs | Vs Warp # Fill
Gum = Em /(2+2V|\/|)
1 is perpendicular to
9 mat Ew | Ev | Bs | Gu | Gus | Gus | v Yms | Vs quagi-isotropic mat
plane
ISOtFOpIC E E E G G G vV vV vV G=E /(2+2v)

Lesson Learned: - Unique, self-explaining denotations are mandatory

- Otherwise, expensively generated test data cannot be interpreted and go lost




Hygrothermal Properties (homogenised material)

Hygro-thermal properties
direction
9 general o o . o o o
orthotropic | “™* | 772 ' ML | M2 | e nalogous fo,
uD. , C
5] = ' o o Materig) ri
= non-grlmp Tl O+ Oy M| 22V 21V S strep Ctio
fabrics 8th propery,,
6 fabrics Oty | Crw U3 Ay | Avuw 24VE!
fabrics
9 a o o o a o
general TW TE T3 MW MF M3
5 mat Ay | OFm | Gvs | Cum | Bum | Fmwms
isotropic
o o o o o o
2 for comparison T T T M M M

NOTE: Despite of annoying some people, I propose to rethink the use of a for the CTE and f for the CME.
Utilizing®t and &, automatically indicates that the computation procedure will be similar.



HSB Materis . 12911-01 HSB L . 12911-01
Material properties, —— Material properties, -
HANDBUCH STRUKTUR CFRP, T300 / Code69, UD-Prepreg fssue D Year | NDBUCH STRUKTUR CFRP, T300 / Codet9, UD-Prepreg Issuc D Year 198
BERECHNUNG Page 1 o BERECHMUNG Page 2 of 2
Kev Words: Material properties, CFRE, T300, Codet®, UD-Prepreg 3 Mechanical properties
References Test temperature [}
i . . - MMoisture contents SA°
(1] Report QE-630/ 83, WEF, DORNIER, 1978/79 Property Ulnit Valuc Statistics | Ref,
[2] Report DOLT3/74, DORNIER, 1973/74 Ry, MPa 1281) A [1]
[3] Report SK50-266/85, DORNIER, 1985 j: :::::
Fi. MFPa
1 Material i MPa
TLS5 MPa i A [1]
Material specification CFRF T300 / Codet® UD-Prepreg Ey. MPa 133000, 1 15000 TIA []
Specification for delivery | DOL 74, Edition January 1978 E . MPa
Characteristic Uit Value (remarks ) E). MPa
Fiber type Toray T 300V6EK E . MPa
Fiber density glem” | 175 G MPa
Matrix type Epoxy-Codefi® i - .52 T [2]
Matrix density glem” | 137 P - 0.4
Prepreg ply thickness inin 0.231 ar i 1.3 5 [2]
Contents of prepreg resin | mass W0 | 43425 T
Fiber volume fraction ke )
Prepreg density wlem® | 1.56
Cure process speci fication DOL. 74, Edition January 1978
Cure temperature C 175 (hold time = 75 min, ) ”_::_ — T
Cure vacuum har (.07 (hold time = whole process) 0% 4t 1 —e ]
E::'ﬁ.r:::-.I.::pcr;num h,:j-r  (hold time = wholc procss) ey mmimm - K} —5+ 0.2)- 10 T [2]
(g mmfimm- K} | =270+ 1.0)- 107" T [2]
T, . HH) ' [3]
2 Physical properties
T, = glass transition temperature
Characteristic Unit Value | Statistics | Ref, = Standard Atmosphere according to ISOS54MINS0014; 2350 = 23+ 27050 + 5% RH
. EINK -kg) , .
3 WK, n;} = n» statistical base
A WK -m} = major value
a 144} - m) = gssumed
K 1452 - m)
MNote: DOL 74 (Edition Jan, T8) has been replaced by DOL 74 (Edition Nov, 82}, strength data hawe
not changed. Determination of the elastic moduli according to LN 29971,

Beispiel: HSB-Werkstoffblatter 87



Test Case 10, Test Specimen, WWFE-II,
Test domain around the critical material location must be smooth!

3,2
g,
7 tube milled from
Zy a laminate block
+45
-45
Ty2 Usap|e for h: t

P

o=
\

L

no smooth stress
domain for validating
failure conditions

‘/%e effects etc.
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Structural Development, Design Requirements, and Design Verifications
Dimensioning Load cases, Safety Concept and Design Factors of Safety
Modelling of Composites (elasticity, strength)

Material Strength Failure Conditions (SFC)

Application of SFCs to Some Materials

Lifetime Prediction

Material Properties

Model Parameters

Standardized Material Test Methods

10 Structural Testing, NDI, Damage Tolerance

11. Structural Verification, Margin of Safety, Reserve Factor
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UD lamina (ply) : Micro-mechanical Properties

Some lamina analyses require a micro-mechanical input:

Problem: Not all micro-mechanical properties can be measured.

Solution: Micro-mechanical equations are calibrated by macro-mechanical
test results (lamina level) = an inversal parameter identification

Condition: micro-mechanical properties can be used only together with the

equations they have been determined with.



Mind the difference in UD-analysis . Isolated and embedded UD-behaviour

‘Isolated’ lamina test specimens ‘Embedded‘ laminas experience in-Situ eﬁscts
i _ _ Measurement/Deter |n§t|on of strain softening curve !
= weakest link results (series failure system) = redundancy result (parallel failure system)

unconstrained lamina mutually constrained laminas, in laminates
delivers strength property, stress-strain curve in non-linear laminate analysis
(belongs to hardening) GaT _ (belongs to softening)

- - HHA1 St -
delivers bas_lc_strength\ MPal| £
as analysis input ! s

o \\K 0 ' 10 15 [%] 40 o
s : softening __|

\ f h : hardening

W& /[ UDTaming (ply)

THOHTL
NN}

Lesson Learned: In the Post-IFF regime the embedded lamina experiences no sudden death 91
but still has residual strength and stiffness due to in-situ effect!

i}




Determination of the 2 Friction Parameters (Mohr-Coulomb relationship)
(brittle behaviour)

To1 = R¢|| _b¢|| -0, : FMC corresponds

T
- 721
: _ Rl _ ) :
”:F 3 . Tnl = RZ‘ /JJ_” GI’] . |\/|Ohl’ 62
cohesion ial | 250 *
X rr_lat_erlal mtgrpal @f — % % % =+ 1 X
strengt friction coefficient p ’/Q g9 83
. . (o el R
Linear Mohr-Coulomb approach + denotation X .
IFF2: = R~ -0 o
n
c
G, T I/I/ G, Ry
— X Y
ﬁ. E"’_) \ Lo 0 D00
= A% SHE
> Hi Gy O >45° S 77 L X
o, =cos’@ -0, P 252
T, =—sin®-cos® -0, oo

UD material: 2 ; isotropic material: 1
real material = crystal + friction
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Determination of the Friction Parameter 4,

(linear Mohr-Coulomb relationship)

k ™h
From evaluation of the test data: -_F | [MPa]
67 =55°, R =104 MPa A
single T, = R -0y
EMC: P A me*;:,ﬁment
br 1, =RE-(b 1), TN\ | |
T _ 1 — 1 | P @ ;‘x *s Rt
il c ®
1+(cos20y) 1-p, TF T‘:’*.\
b7 = 1.52 - ~ 40
mean value ' R
_ calculated ) ‘
Mohr-Coulomb: distribution ]
m of R_':
.= (R =, -0,) \2 20
Oy = CDSEE'C -0
> —C0S 20, ;l " v b
M fp 2 Btcip T, =-sin egp-cos E'Ep s}
w,, =0.34 _
C i
R:L:le+co;2@fp s . 0
80 MPa  -60 '% 40 .20 0 %n

R =36.4 MPa
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Characterisation of Composite Material and Components

MIL Hdbk 17:

Composites Material Structure
Structur_al Screen | Qualifi- | Accep structurgl
complexity : : substantia

ing | cation tance )
level tion
constituent X
lamina X X X
laminate X X X
structural X X X X
element

structural X

compon.

Modelling & Discretizing
determines type
of test specimen

NON-GENERIC SPECIMENS

GENER!IC SPECIMENS

The pyramid of tests MIL-HDBK-17-1E

[ COMPONENTS |

s
———r

v
e . ;
’ \ [~
=7 AT TT X T T e 0
[SUB-COMPONENTS c
': f‘;j.“L g‘ \-_-'\\ ' l s
T——y .g
<
=
a
A S Y. R Y

\

[COUPONS]

’
!
4
'

\

composite test specimens
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Test Standards Used

?/r:/f}é)ormlaf;% r-lm-eSt Fixtures, .. SECTION E: TENSILE LOADING Back to Top
: E-1 Standard Tensile Wedge Grips
- E-2 Simple Tensile Wedge Grips
2_E1CT:SS? é\écggﬁ:; &29?&"55379) E-3 Tensile Wedge Grip Inserts
p E-4 Specialized Tensile Testing Grips

A-2 V-Notched Rail Shear (ASTM D 7078)

A-3 Short Beam Shear (ASTM D 2344)

A-4 Two-Rail Shear (ASTM D 4255)

A-5 Three-Rail Shear (ASTM D 4255)

A-6 Shear Strength by Punch Tool (ASTM D 732)

A-7 Sandwich Panel Flatwise Shear (ASTM C 273)

A-8 Special Sandwich Panel Shear Fixture (ASTM C 273)

Line Grips for Thin Sheeting
Split Capstan Grips
Briguet Tensile Grips
Split Collar Grips
Adhesive Bond Tensile Grips
0 Universal Joints
1 Adapters, Lock Rings, Pins

mmmrlnrnmrn
= =2 OO0~

SECTION B: COMPRESSION LOADING

: , _ . SECTION F: SPECIALTY TENSILE TESTS Back to Top
gélm Wyoming Combined Loading Compression (ASTM D 55-31 Sandwich Panel Flatwise Tensile - 2" Blocks (ASTM C
B-2 Modified ASTM D 695 _(Boeing BSS 7260) F-2 Sandwich Panel Flatwise Tensile - 1" Blocks (ASTM C
B-3 |ITRI Compression (ASTM D 3410) 297)
gg zvvzgm::g mg:;:zg '(':L'I‘;'nese F-3 Curved Beam Strength (ASTM D 6415)

F-4  Split Disk Tensile (ASTM D 2290)

B-6 Celanese (formerly ASTM D 3410)

B-7 German Modified Celanese (DIN 65 380) .

B-8 Edgewise Compressive Strength (ASTM C 364) SECTION G: FRACTURE TOUGHNESS TESTS Eack (o Top
_ G-1 Mixed Mode Bending (ASTM D 6671)

B-9 NASA Short Block Compression G2 T e Clevi

B-10 Lockheed F-22 Test Fixtures ensile Clevises (ASTM E 399)

B-11 Compression Subpress (ASTM D 695)

B-12 Compression Platens - Fixed and Spherical Seat

SECTION H: FASTENER RELATED TESTS Back to Top
H-1 Fastener Bearing Specimen Support (ASTM D 5961)
2 Laminate Bearing Strength — SACMA

3 Laminate Bearing Strength — ASTM D 5961

-4 Plastic Bearing Strength — ASTM D 953
5

6

7

SECTION C: SPECIALTY COMPRESSION TEST FIXTURES E
C-1 Boeing Open-Hole Compression (ASTM D 6484) H
C-2 Northrop Open-Hole Compression (NAI-1504C) H
H
H

Fastener Double Shear (MIL-STD-1312-13)
Three-Plate Shear (Fed. Test 406, Method 1041)
Fastener Pull-Thru Strength (MIL-STD-1312-8A)\

C-3 Boeing Compression After Impact (ASTM D 7137)
C-4 NASA Compression After Impact (NASA 1092)

SECTION D: FLEXURAL LOADING Back to Top

D-1 Three & Four Point Flexure (ASTM D 790,D 6272 and D
7264)

D-2 Long Beam Flexure (C 393)

D-3 Fixed-Span Long Beam Flexure (C 393)

D-4 Ceramic Flexural Strength (ASTM C 1161)

D-5 Ceramic Equibiaxial Flexural Strength (ASTM C 1499)

SECTION I: BOND TESTS Back to Top

-1 Climbing Drum Peel (ASTM D 1781)

-2  Roller Drum Peel (ASTM D 3167)

-3 NASA 90-Degree Peel

-g Block-Shear of Adhesive Bonds (ASTM D 4501)
B

Lapped Block Shear of Adhesive Bonds (ASTM D 905)
Weld Shear (ASTM A 497 & A 185)




HNormenbeispiele

Aussage

ASTM D 3030, EM 2561, EN 2587, 150
627 Teil 4 und Ted 5, DIM 675273, Airbus

AITM 1-DD07, Boeang B5S 7320, SACMA
SRM 4 und SRM 8

Fur Filamentstrange:
ASTM D 4018 ASTM D 2818, 150 11566

Zugeigenschaften wie Jugrmodul,
Zugiestigkeit und Bruchdshnung,
Poissonsche Zahl an flachen Probekorpem,
Messungen an Filamentstrangen. Bei
unidirektionalen Lamnaten auch langs und
quer zur Fasamichiung.

Kerbzugversuch
{open hole | bolted hole)

ASTM D 5766, ASTM D 6742, prEN 8035,
Airbus AITM 1.0007

Beurteilung des Schadigungsmerkmals.

Druckverswch mit
stirmnseitiger Krafteinleitung
{end loading)

ASTM D 895 (modifiziert), prEMN 2850, 150
14125, AITM 1-DD0E, Boeing BSS 7290 -
type Il and IV

Druckmodul, Druckfiestigheit,
Druckstauchung, Versagensart.

Druckverswch mit
flachseitiger Krafteinkeitung
(Shear loading / combined
loading)

ASTM D 3410, ASTM D 6841, prEN 2350,
150 14126, Airbus AITM 1-0008

Druckmodul, Druckfiestigheit,
Druckstauchung, Versapensart

Bei dieser Prifmethodik werden die
Spannungskonzentrationen an den
Probenenden vermieden und die Flhrung
des Probekdrpers ist besser als bel

Kerbdruckversuch
{open hole / bolted hole)

ASTM D 8484, ASTM D 6742, prEN 8036,
Airbus AITM 1-0008, Boeing BSS 7230 -

Type 1

Beurteilung des Schadigungsmerkmals.

Interlaminarer Scherversuch,
Kurzhiegemethode

130 14130, ASTM D 2244, EN 2377, EN
2563

Scheinbare mteraminare Scherfestigkeit.

Bei dieser Prifmethode wirken starke
Flachenpressungen an der




- Schubversuch in Lagensbene | 150 14120, prEM 6021, ASTM D 3518, Schubmeodul, Schubspannungen und -
(1 45" Schubwersuch) AITH 1-0002, DiIM G5408 festigheiten, Schubverfermung
|V-¥erb Schubversuch ASTM D 5378 Schubmeodul, Schubspannungen und -
[(losipescu) festigheiten, Schubverformung.
Scherung in Lagenebene EN 22431, EM 2242-8, prEN G060, AITM  |Scherfestigheit und Schubwerformung
1-0019, DI 85148, ASTM D 3214 zwischen den Lagen. Diese Prifung wird
auch bei Veridebungen angewandt.
Dreipunkt und Vierpunkt EM 2502, EN 2748, ASTM D 7234, ASTM  |Biegesigenschaften wie Begemodul,
Biegeversuch O 7Ed, 150 14125, ASTM D 6272 Biegespannungen und Biegefestigheit
Lachleibung ASTM D 5861, ASTM D 7243, Airbas AITM |Charakierisierung einer Bolzen-, Niet-, ader
1.0008, prEN 6037, DM 85562 Schraubverbindung hinsichifich Tragfahighkeit
und Lochleibang.
Dynamisch zyklische 150 13003, ASTM D 2479, ASTM D 2873 |Charaktensienng der Matenalermiddung,
i Beanspruchung Lebensdaver, Versagensart.
Compression After Impact 150 18362, prEM 6023, ASTM D 7137, Beurteilung der Schadigung einer Prifplatte
[CAI) DM 85561, AITM 140010, Bosing BSS anhand des Duckfestigkeitsverustes. Dis
7280 - type Schadigung wird durch eine definiers
schilagformige Beanspruchung dblicher-
weise mit einem instrurmentienen Fallwerk
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Test Standards Used
Tensile Test

Zugeigenschaften wie Zugmodul, Zugfestigkeit und
Bruchdehnung, Poissonsche Zahl an flachen Probekdrpern,
Messungen an Filamentstrangen. Bei unidirektionalen
Laminaten auch langs und quer zur Faserrichtung.

ASTM D 3039, EN 2561, EN 2597, ISO 527 Teil 4 und Teil 5,
DIN 675378, Airbus AITM 1-0007, Boeing BSS 7320, SACMA
SRM 4 und SRM 9

Fur Filamentstrange: ASTM D 4018, ASTM D 3916, ISO 11566
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Material & Structural Testing and NDI

Materials Testing
Structural Testing (most often destructive testing)

Non-Destructive Testing (NDT, NDI, NDE),

MNIDI should be part of a
“swvstems solution™

* Failure: Detection, localization, sizing + shaping

* Failure: Assessment (risk-based)



Non-Destructive Testing (Zerst6rungs-freie Priufung)

Gerd Busse: Wunschtraum uber Einbindung der ZfP

Konstrukteur kennt ZfP- ZfP- kennt Werkstoffe/Bauteile und ihre
Verfahren (auch moderne) [ produktions- und gebrauchsbedingten
und ihre Randbedingungen Fehler, auch ihre Relevanz und Prufbarkeit

A ‘ l A

Konstrukteur ZfP erhalt in Vorphase Info tber

konstruiert Werkstoffe und Konstruktion
prufbar /
‘ Simulation: Defekt auf

Konstrukteur, Hersteller und ZfP dem Weg zum Schaden
wissen, welche Stellen in der v

Fertigung, bei der Abnahme sowie ZfP-Befunde werden in
bei Inspektion/Wartung tberpruft zuverlassige Aussagen
werden mussen und welche Uber Sicherheit und
FehlergrofRen wo akzeptierbar sind. Restlebensdauer

umgesetzt, Nutzer wird
informiert.
Einbeziehung der ZfP-Befunde

im Schadensfall. — Aus Schadensfall ziehen

Konstruktion, Nutzer und
ZfP die richtigen Lehren.




Structural Testing (often destructive testing)
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(often destructive testing)

Lesson Learnt:
Strain gages in the smooth strain

Structural Testing
regimes




Structural Testing of GROWIAN
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Damage Threat Assessment for
Composite Structure

FAR 25.571 Damage Tolerance & Fatigue
Evaluation of Structure ... must show that
catastrophic failure due to fatigue, corrosion,
manufacturing defects, or accidental damage will be
avoided through the operational life of the airplane.
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Design Verification = Achievement of a Reserve against a Limit State

For each distinct Load Case with its single Failure Modes must be computed:

Reserve Factor (is load-defined) : RF = Failure Load / applied Design Load

Material Reserve Factor : fres = Strength / Applied Stress

if linear analysis: fres = RF =1/ Eff

Material Stressing Effort : Eff =100% if RF =1 (Anstrengung)
(Werkstoff-Anstrengung)

is applicable in linear and non-linear analysis.
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Conclusions w.r.t. Failure Mode Concept — derived Strength Failure Conditions

e The FMC is an efficient concept = may be vieded as ‘Anisotropic Mises’

that improves prediction + simplifies design verification

is applicable to brittle and ductile, dense and porous,
isotropic, transversely-isotropic and orthotropic materials

if clear failure modes can be identified and if the material element can be homogenized.

Formulation basis is whether the material element experiences
a volume change, a shape change and friction .

Builds not on the material but on material behaviour !
e Delivers a combined formulation of independent modal failure modes,

without the well-known drawbacks of global SFC formulations

(which mathematically combine in-dependent failure modes) .

e The FMC-based Failure Conditions are simple but
describe physics of each single failure mechanism pretty well.

e Mapping of a brittle behaving isotropic porous foam and of a transversely-isotropic UD
material was successful, thereby validating the SFC models.
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